In this work, the application of an innovative, environmentally friendly reduced graphene oxide-glassy carbon (RGO-GC) electrode is described. Using the RGO-GC electrode, basic electrochemical properties (such as the number of protons and electrons involved in an oxidation process, heterogeneous rate constant, diffusion coefficient and electron transfer coefficient) of pindolol (PND) were studied. It was observed that the indole moiety is a part of the pindolol molecule where oxidation takes place. Additionally, a square-wave stripping voltammetric method for the quantitative determination of PND was developed. The influence of various factors such as pH, buffer concentration and SWSV (square wave stripping voltammetry) parameters were studied. The best results in terms of signal shape and intensity were recorded in a BR buffer at pH 5.0. This electroanalytical procedure was used to determine pindolol on the RGO-GC electrode in a concentration range of 1 Â 10
Introduction
Drug analysis is an important eld of analytical chemistry that is undergoing stable, rapid growth and is performed in different phases of pharmaceutical development such as formulation and stability studies, pharmacological testing and quality control. In hospitals, drug analysis plays a meaningful role in cases of drug intoxication, drug therapy, bioavailability and pharmacokinetic studies or anti-drug control. 1, 2 In such cases, validated and dependable analytical methods for drug analysis are required.
Pindolol (RS)-1-(1H-indol-4-yloxy)-3-(isopropylamino)propan-2-ol ( Fig. 1) belongs to a heterogeneous group of drugs commonly prescribed in the treatment of angina pectoris, hypertension and cardiac arrhythmias, which are also used as doping agents in sport. 3 Thus, pindolol is a nonselective beta blocker with partial beta-adrenergic receptor 5HT1A antagonist activity. In high doses, it causes pulse rate and bronchodilation increase, also exhibiting membrane stabilizing and antiarrhythmic effects. 4 Pindolol is also an effective agent to cure hypertension in pregnancy, a disease that complicates up to 5% of all pregnancies. [5] [6] [7] [8] In such cases, pindolol does not cause any changes in the uterus or blood ow and has no effect on cardiac functions and haemodynamics of the fetus. 6 What more, initial open label clinical studies have showed that the coadministration of pindolol with SSRIs (selective serotonin reuptake inhibitors) accelerated and/or enhanced antidepressant effects of SSRIs, 9,10 which resulted in the symptomatic relief of depression within days rather than weeks.
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Pindolol has been determined using colorimetric, 12 spectrophotometric, [13] [14] [15] [16] spectrometric 17, 18 and chromatographic 16, [19] [20] [21] [22] [23] [24] methods. To the best of our knowledge, there are no published results of any voltammetric studies. Voltammetric techniques are meaningful methods for the trace analysis of many organic and inorganic substances. Among these techniques, square-wave voltammetry 25, 26 is nowadays one of the most advanced pulse voltammetric techniques used in various types of research but mainly in analytical, 27-31 mechanistic [32] [33] [34] and kinetic studies of electrode processes. [35] [36] [37] In the last decade, growing interest in the application of graphene and its derivatives to various types of studies 38, 39 has been observed because of its promising properties. 40 Various applications have been demonstrated for graphene, such as sensors, 41 polymer composites, 42 transparent electrodes 43 and hydrogen storage.
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Glassy carbon electrodes modied with reduced graphene oxide have been satisfactorily applied in many kinds of studies. 45, 46 In this paper, we report the application of a reduced graphene oxide modied glassy carbon electrode for the elaboration of basic electrochemical properties of pindolol and its quantitative determination in real samples.
Experimental

Instrumentation
Voltammetric measurements were carried out using an mAutolab Type III (Eco Chemie) controlled with GPES soware (General Purpose Electrochemical System, version 4.9, EcoChemie). A single compartment glass cell was mounted in the M164 electrode stand (MTM-ANKO, Cracow, Poland). Experiments were performed in a three-electrode system consisting of Ag/AgCl (3 mol L À1 KCl) as a reference electrode, Pt wire as a counter electrode, and RGO-GC as a working electrode. Measurements of pH were made using a pH-meter (Elmetron, Poland) with a combined glass electrode. Spectrophotometric and microscopic measurements were made using a Cary 100 Bio UV-Vis spectrophotometer (Agilent) and Dimension Icon Atomic Force Microscope (Bruker), respectively.
Solutions
All reagents were of analytical grade and demineralised double distilled water was used in all experiments. Pindolol was purchased from Sigma Aldrich (St. Louis, MO) and used for preparing 10 mL of a 1.00 Â 10 À3 mol L À1 stock standard solution by dissolving 2.48 mg of PND in methanol (due to that, the supporting electrolyte always contained 10% of methanol). Working solutions of lower concentrations were freshly prepared by the appropriate dilution of the stock standard solution. Britton-Robinson (BR) buffer solutions of different pH values were prepared by the addition of sodium hydroxide solution to a phosphoric, boric and acetic acid mixture. The nal pH was checked using a pH-meter. Reduced graphene oxide was obtained from graphene oxide and checked as described in the literature. 47 Visken (Novartis Pharma) tablets were purchased from a local pharmacy. All electrochemical measurements were carried out at the ambient temperature of the laboratory.
RGO-GC electrode preparation
As mentioned in the previous section, RGO was prepared according to method described in the literature. 47 Briey, 50 mg of ascorbic acid was added to 50 mL (0.1 mg Â mL À1 ) of an aqueous dispersion of graphene oxide at room temperature under vigorous stirring. The efficiency of reduction was checked by UV-Vis absorption spectroscopy (Fig. 2) . A strong absorption peak of the GO solution at 233 nm corresponds to the p / p* transition. 48 Graphene oxide has a very weak absorption in the UV-Vis range because of the destruction of the conjugated p system. Aer reduction, the p / p* transition band shis from 233 to 270 nm, and the absorbance in the whole visible range strongly increases. These results conrm the restoration of the conjugated structure of graphene. 0.5 mg of the reduced graphene oxide was added to 0.5 mL dimethylfuran. A stable homogenous suspension was obtained with use of an ultrasonic bath in which the solution was kept for 40 min. The glassy carbon electrode surface between experiments was cleaned by polishing with a 0.05 mm alumina slurry, rinsed with methanol and water, and dried in air. The RGO-GC was prepared by dropping 4.0 mL of the RGO/DMF by a micropipette. Aer 1 hour, DMF was evaporated, and the electrode was ready to use. A new RGO surface was prepared daily. To remove any possible residues adsorbed on the electrode surface (before and between measurements), the working electrode was cleaned electrochemically with cyclic voltammetry scanning from À2.0 to 2.0 V (in the supporting electrolyte without PND).
Analysis of commercial pharmaceutical samples
To prepare solutions of the commercial pindolol samples, a representative amount (8) of Visken tablets were crushed to a powder using a mortar. Then, an appropriate mass of the powder was transferred to a 10 mL volumetric ask and lled up to volume with methanol (
). Non-dissolved solids were removed aer centrifugation. In all experiments, voltammograms were recorded under the same conditions as for pure pindolol. The Visken solution was analyzed using the standard addition method. To obtain the nal concentrations of PND in the range of the calibration curve, the Visken solution was suitably diluted with the supporting electrolyte. Recoveries were calculated aer ve replicate experiments.
Analysis of urine samples
Morning mid-stream drug-free urine samples were collected from healthy volunteers. Spiked urine solutions were prepared as follows: 5.0 Â 10 À8 mol (sample 1), 2.5 Â 10 À7 mol (sample 2) and 5.0 Â 10 À7 mol (sample 3) of PND were placed in a 5 mL volumetric ask and lled up to volume with urine. Urine samples were analyzed using the standard addition method. In each experiment, 500 mL (sample 1), 100 mL (sample 2) or 50 mL (sample 3) of the spiked urine solution was placed in the voltammetric cell, and a voltammogram was recorded for the sample. Each addition of standard contained 5 nmol of PND. Recoveries were calculated aer ve replicate experiments.
Validation of the method
A calibration curve (described with the linear regression equation y ¼ bx + a) was constructed plotting PND peak current (I p , A) against its concentration (C, mol L À1 ) in the range from
To evaluate the sensitivity of the SWSV analysis, the limit of detection (LOD) and limit of quantication (LOQ) were calculated; they were 3 s m À1 and 10 s m À1 , respectively, as calculated from the calibration curves, where m is the slope of the calibration curve, and s is the standard deviation of the peak currents (ve runs). 50 In order to check the correctness of the method, the precision and recovery of the method were also calculated for different concentrations in the linear range. The reproducibility of the peak current and potential was calculated on the basis of ve measurements on different days. 56 The repeatability of the procedure was estimated with ve measurements at the same PND concentration. In order to check the selectivity of the proposed method, some introductory studies were executed regarding possible interference compounds present in the typical samples on which the method would be used. In the whole validation process, recovery was calculated with the formula: recovery
, where ave represents the average from measured values, and SD represents the standard deviation between those values.
Results and discussion
Optimization of electrode modication
Various modifying solutions (based on graphene oxide, reduced graphene oxide and carbon nanotubes) were tested in preliminary studies. Only modications based on the reduced graphene oxide suspension caused a signicant increase of pindolol peak current in comparison to a bare glassy carbon electrode. Next, several RGO suspensions were examined in order to obtain well-shaped PND signals. Among the tested solvents [dimethylfuran (DMF), chloroform (CRF), Naon, diethyl ether (DEE), methanol, acetone, acetonitrile and dichloromethane (DCM)], only RGO suspensions in DMF, CRF, DEE, DCM and Naon were mechanically stable on the electrode surface. Those suspensions were tested in detail. PND signals recorded on a GC electrode modied with RGO/CRF, RGO/Naon and RGO/DCM had much worse morphology than those recorded on a RGO/DMF and RGO/DEE-modied electrode. As, independent from the ratio RGO :
, the PND signals were 1.5 times higher on the RGO/DMF-modied GC electrode, dimethylfurane was chosen as the optimal solvent for reduced graphene oxide. This was in good agreement with previous studies, which have proven that DMF is an appropriate solvent for preparing an RGO suspension. 51, 52 Next, the ratio between the quantities of RGO and DMF was examined (in the range 0.1-1.0 mg RGO/0.5 mL DMF). The highest PND signals were registered when the modifying solution contained 0.5 mg of RGO and 0.5 mL of DMF. Then, different dropping volumes (0.5-12 mL) of this solution were dropped onto a glassy carbon electrode surface. Because of the PND peak height and shape, a volume of 4 mL was chosen for further studies.
Estimation of electrode real surface areas
Electroactive areas of the electrodes used were obtained by cyclic voltammetry using 5.00 Â 10 À3 mol L À1 K 3 Fe(CN) 6 and K 4 Fe(CN) 6 as a model redox system at different scan rates. For reversible processes, the anodic peak current I p depends on the electroactive area of the electrode (A) as described in the equation: Therefore, the modied electrode had an increased surface area of 134%, which was conrmed by AFM microscopy. The AFM images (tapping mode) of the unmodied and modied GC are shown in Fig. 3 . Measured surface roughness for the GC and RGO-GC were 0.839 and 10.4 nm, respectively.
Optimization of supporting electrolyte and SWSV parameters
Since the composition of the supporting electrolyte is one of the variables that commonly and strongly inuences the peak shape and height, it is necessary to check the effect of pH on the system investigated. In order to nd the optimal medium for pindolol oxidation, various supporting electrolytes (BrittonRobinson, citrate, acetate, phosphate, citrate-phosphate buffers) were examined. As mentioned in the Solutions section, the supporting electrolyte always contained 90% of the examined buffer solution and 10% methanol, methanol addition is commonly used in the determination of drugs soluble in alcohol. 56, 57 The best results in regard to peak height and shape were observed in BR, where signals were almost two times higher in comparison to the other supporting electrolytes tested. Hence, to achieve a high selectivity and sensitivity, the BR buffer was chosen for our detailed studies. As can be seen in Fig. 4A and B, the highest pindolol signals were recorded in BR at pH 5.0. As surfactants are commonly used in voltammetric determinations due to fact that their proper concentration have good inuence on the signals of electroactive substances, 58, 59 the effect of the content of various surfactants (SDS, CTAB, Triton X-100) in the supporting electrolyte on the PND signal was tested. Only the presence of sodium dodecyle sulfate (SDS) caused a signicant increase of the recorded pindolol peaks. Because of that in further studies, the supporting electrolyte contained SDS at an optimum concentration level of 1.00 Â 10 À3 mol L À1 (Fig. 4D -curve c).
Square wave voltammetry (SWV) was chosen as a more sensitive technique in comparison with differential pulse voltammetry (DPV). Therefore, in the next step, SWSV parameters were optimized. First, the inuence of the pulse amplitude (E SW ) on the PND signals was examined. In accordance to SWV theory, 25 the PND peak currents exhibit a linear dependence with the E SW for amplitude values from 10 to 50 mV. For analytical applications, an amplitude of 50 mV was chosen. The effective rate of potential variation in square wave voltammetry is the product between scan increment (DE) and frequency (f). DE may increase the recorded signal and technique sensitivity; however, for large step potential values, the widening and deterioration of the signal are observed, thus diminishing the resolution of the technique. In this study, the optimal scan increment was found to be 7 mV. During the optimization of frequency (from 8 to 250 Hz), it was found that with an amplitude of 50 mV and a step potential 7 mV, only a frequency of 50 Hz ensured a well-shaped PND signal and low background current. Then, the inuence of accumulation potential E acc and accumulation time t acc was examined. The optimum values chosen for analytical purposes were an accumulation potential of 0.5 V and an accumulation time t acc of 10 s.
Electrochemical properties of pindolol
First, cyclic and square wave voltammetry was applied to explain the electrochemical behaviour and properties of pindolol. SW voltammograms were obtained using the RGO-GC (Fig. 5) showed features similar to those obtained by CV (Fig. 5 inset) . As can be seen on the CV voltammogram of the PND, one anodic peak is visible at a potential of about 1 V. The lack of a cathodic peak on the reverse scan indicates that the charge transfer during pindolol oxidation is electrochemically irreversible. It is conrmed by the SWV experiment illustrated in Fig. 5 , where the net current (resultant), forward current (related to the oxidation process) and backward current (related to the reduction process) are shown. The courses of the forward and backward components clearly indicate an irreversible oxidation process.
Next, the number of electrons involved in pindolol oxidation was estimated. The difference between peak potential and halfheight peak potential is described as |E p À E p/2 | ¼ 47.7/(an), 60, 61 and is equal to 49 mV for pindolol. Considering a ¼ 0.5 (a will be discussed later in detail), 62 the number of electrons is n ¼ 1.95-2. The number of electrons was also calculated using the equation: DE p /Dlog f ¼ (2.3RT)/(anF). The dependence E p vs. log f is described with the equation E p ¼ 0.545 log f + 0.932. The number of electrons calculated from the slope is 2.18-2. Next, it was found that the PND peak potential is linearly dependent with pH (E p ¼ À0.0596 pH + 1.38, Fig. 4C 
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Anal. Methods, 2014, 6, 5038-5046 | 5041 Subsequently, the cyclic voltammograms of pindolol were recorded at different scan rates in the range 10-1000 mV. The pindolol oxidation peak shied towards more positive potentials with increasing scan rate, pointing behavior characteristic for an irreversible electrochemical reaction. 62 In a BR buffer at pH 5.0, the dependence of the peak current vs. square root of scan rate yielded a straight line, which can be expressed with the equation,
indicating that electrooxidation is a diffusion-controlled process. This was conrmed by examining the log I p vs. log n dependence (log I p ¼ 0.49 log n À 5.19, R 2 ¼ 0.991). The slope of this dependence is expected to be 1 and 0.5 for adsorptioncontrolled and diffusion-controlled reactions, respectively.
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The obtained value of 0.49 conrms that pindolol oxidation is a diffusion-controlled process. Next, chronoamperometric measurements were used for the diffusion coefficient investigation. Fig. 6 shows the registered chronoamperograms for different concentrations of PND (10-50 mM) in a BR buffer at pH 5.0. The current corresponding to the electrochemical reaction of an electroactive species with a diffusion coefficient is described by Cottrell's equation, 53, 60 I ¼ nFAC*(D/pt) 1/2 , where n is number of electrons, C* the bulk concentration (mol cm À3 ), A is the electrode area (cm 2 ) and F is Faraday's constant. For each concentration dependence, I vs. t À1/2 was constructed. The slopes of the resulting straight lines were then plotted against pindolol concentration (Fig. 6A) found to be 1.00 V (Fig. 6B) . Then, the dependence of ln I p on (E p À E 0 ) was constructed (ln I p ¼ 21.908(E p À E 0 ) À 13.177). As the intercept is equal to ln(0.277FAC*) + ln k 0 , and the slope equal to Àaf (where f ¼ F/RT), k 0 and a were found to be 3.69 Â 10 À3 cm s À1 and 0.56, respectively. As can be seen, the calculated a value is very close to those considered in preliminary mechanistic studies.
Analytical application and analysis of real samples Fig. 7 shows the SW voltammograms recorded for pindolol at concentrations in the range of 1.0 Â 10
in a BR buffer at pH 5.0 aer the optimization of experimental SWSV parameters. The inset illustrates the linear analytical curve obtained. An average of ve consecutive measurements was used for the construction of the calibration curve. Basic statistical parameters were calculated as described in the Validation of the method section and are listed in Table 1 . Table 2 presents the precision and recovery of the method calculated for different concentrations in the linear range. Next, a commercial pharmaceutical formulation (Visken) was analysed to estimate the validity of the developed method. Recovery studies were performed by addition of known amounts of the PND standard solution to the analysed sample 
À5 mol L À1 PND solution in a BR buffer (pH ¼ 5.0) at a scan rate of 100 mV s À1 .
Fig. 6
Chronoamperograms obtained at the RGO-GC in the presence of 10 mL, 20 mL, 30 mL, 40 mL 50 mL of PND; in a BR buffer, at pH 5.0, the electrode potential 0.95 V vs. Ag/AgCl; (A) plots of the slopes of the straight lines against pindolol concentration; (B) influence of scan rate on PND peak potential.
(as described in the Analysis of commercial pharmaceutical samples section) (Fig. 8A) . The Visken tablets matrix did not cause appearance of any additional signals in the examined potential window so it can be concluded that the proposed methodology does not suffer from any signicant errors of matrix interference. The calculated recovery is in good agreement with the labelled content (Table 3) . Next, to check the practical applicability of the developed method spiked human urine samples were analysed with the standard addition method (as described in Analysis of urine samples section) (Fig. 8B) . As it is well known, human urine as a complex matrix is oen difficult to analyze because of the presence of uric acids, salts and nitrogenous products of metabolism. In these studies urine samples were used without dilution and pre-separation or pre-concentration steps. It is clearly shown in Fig. 8B that the PND signal is practically free from matrix interferences. According to that the proposed procedure can be successfully and easily used in the evaluation of recovery curves. The data associated with the obtained recovery curves in the urine samples are listed in Table 3 .
Interferences
In order to assess the possible analytical applications of the procedure described above, the effect of interfering species such as drugs (amlodipine, penicylamine, meclastin, drotaverine, propylthiouracil, tizanidine, acetylsalicylic acid, ambazone, atorvastatin, ramipril, cetylpiridine, ibuprofen, captopril, cetirizine, dextromethorphan, ascorbic acid, diosmin, diclofenac and metamizole) or substances commonly found in pharmaceuticals and/or biological uids (glucose, fructose, saccharose, Fig. 9 .
Mechanism of pindolol electrooxidation
The number of protons and electrons involved in the electrooxidation of pindolol is identical and equal to two (described in detail in the Electrochemical properties of pindolol section). Such amounts and the presence of an indole moiety in the PND structure suggests a possibility of its oxidation. [66] [67] [68] [69] The appearance of the peak in the potential range characteristic for this type of mechanisms also conrms this thesis. What more, compounds with structures similar to pindolol (uvastatin, melatonin and indoramin) were also examined on the RGO-GC as model compounds during this research.
As for the studied compounds, comparable electrochemical properties (number of electrons and protons, peak potential and irreversible oxidation) were observed, and it was stated that the indole moiety is a part of the pindolol molecule where oxidation takes place. [66] [67] [68] [69] The possible pathway of pindolol oxidation is presented in Fig. 10 . In the suggested mechanism, oxidation occurs rst on the nitrogen atom in the indole ring of the molecule, leading nally to the hydroxylation of the benzene ring.
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Conclusions
The electrochemical behaviour of pindolol was established and studied for the rst time. The number of protons and electrons involved in pindolol oxidation, heterogeneous rate constant, diffusion coefficient and electron transfer coefficient were determined. A new, cheap, simple and precise square wave stripping voltammetric method was optimized for the quantitative determination of pindolol in bulk form, pharmaceutical formulation and urine samples. It was shown that in the analysis of real samples, direct analysis was possible, and no timeconsuming preparation steps were necessary. What more, complex matrixes such as tablets or urine components do not interfere in pindolol determination on the RGO-GC electrode under optimized conditions. High selectivity, sensitivity, together with the fast and easy electrode preparation and high repeatability, are the main advantages of the studied electrode. What more, the developed method is also environmentally friendly and offers lower detection limit (2. 24 and guarantee simpler sample preparation than all previously known spectroscopic and chromatographic methods [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] for quantitative PND determination.
